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Abstract 
 
Osteoarthritis is a joint disease that caused by the progression of degenerative articular cartilage tissue. The degeneration of the articular carti-
lage resulted in alteration of the biomechanical properties. Magnetic resonance imaging (MRI) has become the most potential imaging tech-
nique to assess the condition of the articular cartilage. However, most of the previous studies of articular cartilage were performed using high-
field MRI units. Therefore, this study aimed to examine the correlation between the biomechanical properties of articular cartilage and the 
image grayscale using low-field MRI. Cartilage specimens extracted from bovine femoral head were scanned using 0.2 T MRI to obtain the 
cartilage image. The MRI image was characterized based on the intensity of grayscale. Indentation test was then conducted on the specimen to 
characterize the cartilage biphasic properties of elastic modulus and permeability. The cartilage grayscale values were moderately correlated 
with cartilage biphasic elastic modulus and higher correlation was observed with the permeability. These could indicate the potential applica-
tion of low-field MRI to evaluate the biomechanical properties of articular cartilage. 
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1. Introduction 
Osteoarthritis (OA) is a joint disease caused by the progression of 
degeneration of the articular cartilage tissue in human body. OA is 
also characterized by joint pain, reduced joint movement, cartilage 
loss, subchondral bone changes, and synovial infection [1-3]. Early 
detection of OA is a great interest to orthopedics surgeons, rheuma-
tologists, radiologists, and researchers because it allows early inter-
vention and treatment.  
The ability of articular cartilage to perform its physiological func-
tions depends on the structure, the composition and the integrity of its 
extracellular matrix (ECM) as the matrix generates the tensile and 
compressive stiffness of the cartilage [4,5]. Alteration of biomechan-
ical properties due to loss of proteoglycan and increase in water con-
tent occur before the structural alterations in cartilage tissues [2]. The 
structural changes of cartilage could be validated by the cartilage 
biphasic biomechanical properties [6]. Elastic modulus and permea-
bility are important properties to represent the biphasic properties of 
solid and fluid phases of cartilage. 
Although there are various methods used to examine and diagnose 
the OA disease, magnetic resonance imaging (MRI) has received 
much attention as a premier non-invasive imaging technique because 
it provides excellent image of soft tissue especially articular cartilage 
[6,7]. The strength of the magnetic field contributes to the strength of 
the signal used to generate images. The MRI scanner can be general-
ly categorized based on its magnetic strength as low (<1.5 T), high 
(1.5-7.0 T), and ultra-high (>7.0 T). Most of the studies were con-
ducted using high-field MRI scanner to examine articular cartilage 
properties since these MRI scanners were clinically used to diagnose 
patients [2,8-10]. However, the purchase and maintenance costs of 
the high-field MRI was much higher as compared with the low-field 
MRI [11,12]. It was reported that although the high-field MRI pro-
vides better quality images, comparable image evaluations of the 
cartilage were found using the low-field MRI [7,13,14]. 
In previous studies, the low-field MRI has been utilized to quantify 
the morphology of the articular cartilage and to determine the bone 
erosions or cartilage lesions [14-17]. However, further abilities of the 
low-field MRI to study the articular cartilage are yet to be explored. 
Therefore, the objective of this study is to determine the correlation 
of the biomechanical properties of articular cartilage and the image 
grayscale generated from the low-field MRI. The outcome of this 
study could be used to give an insight of the other potential used of 
low-field MRI to monitor and examine the condition of articular 
cartilage. 
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2. Methodology 
2.1. Specimen Preparation 
Fresh articular cartilage of five femoral heads were harvested from 
bovine hip joint aged between 3 to 4 years old obtained from a local 
abattoir within 24 hours of death. The femoral head was then cut into 
sagittal and transverse sections to yield four cartilage specimens 
labelled as lateral left (LL), lateral right (LR), medial left (ML) and 
medial right (MR) as shown in Figure 1. During the specimen prepa-
ration, the cartilage specimens (n=20) were regularly washed with 
phosphate buffered saline to keep the cartilage hydrated. The speci-
                            C in moist conditions within 48 hours 
prior experimental testing and MRI scanning. 
 
Fig. 1: Articular cartilage (a) femoral head, (b) cartilage specimen.  
2.2. Magnetic Resonance Imaging 
The specimens were scanned using low-field 0.2 T Esaote C-scan 
MRI system (Genova, Italy). Three standard imaging sequences 
available in the system were utilized in order to select sequence that 
can produce the best quality image of the cartilage from the MRI 
system. The imaging sequences are gradient echo, spin echo and 
turbo 3D sequences where the imaging parameters are shown in 
Table 1. During the scanning, the specimen was immersed in PBS. 
Table 1: The acquisition parameters of the MRI sequences. 
Sequence 
Repetition 
time (TR), ms 
Echo time  
(TE), ms 
Matrix 
size 
Field of view 
(FOV), mm 
Gradient echo 780 10 256 × 256 100 
Spin echo 800 18 256 × 256 100 
Turbo 3D 50 16 192 × 192 180 
2.3. Grayscale Characterization of MRI Image 
The cartilage image was characterized based on the image grayscale 
at the region of interest (ROI) of 10 × 2 pixel matrix located at the 
center point of the cartilage specimen as shown in Figure 2. The 
grayscale at the center point of the cartilage specimen was only con-
sidered because the indentation test was performed at the particular 
point to obtain the biomechnical properties. The grayscale values 
were determined using MATLAB software (MathWorks Inc., MA, 
USA). 
 
 
Fig. 2: MRI image of articular cartilage specimen.  
2.4. Characterization of Biomechanical Properties 
The biomechanical properties of the cartilage were characterized 
using a combination of experimental and computational methods 
which was used in previous studies [18,19]. Creep experiment tests 
were performed using a customized indentation apparatus as shown 
in Figure 3. The creep indentation test was conducted at the center 
point of each cartilage specimen where the grayscale of the MRI 
image was determined. The test was performed using a 4 mm diame-
ter spherical indenter subjected to 0.38 N load for 1000 s where the 
displacement of the cartilage had reached equilibrium and resulted 
15% to 35% of cartilage deformation. The displacement was moni-
tored using linear variable differential transformer (LVDT) and re-
corded every 0.01 s using LabVIEW software (National Instruments 
Corp., Austin, TX, USA).  
 
         
Fig. 3: Apparatus for indentation test rig.  
 
The thickness of the cartilage was measured to develop specimen-
specific finite element model. It was measured using a sharp needle 
indenter with 3.16 N compression load where the needle penetrated 
the cartilage until it reached the underlying bone. In order to establish 
more accurate contact load, the displacement and load of the indenter 
were recorded every 0.001 s. The thickness was obtained by deter-
mining the position of the needle indenter from the cartilage surface 
to the subchondral bone as described previously [20].  
Linear axisymmetric biphasic finite element (FE) models of articular 
cartilage and subchondral bone were then developed based on the 
measured thickness and surface radius of each specimen using 
Abaqus software (DS Simulia Corp., Providence, RI, USA) as shown 
in Figure 4. The cartilage was modelled as biphasic material using 
four-node bilinear displacement and pore pressure elements 
(CAX4P) and the subchondral bone was modelled using four-node 
bilinear elements (CAX4) with elastic modulus of 2000 MPa and 
P i    ’     i   f 0.2 [19,20]. The spherical indenter was modelled 
as an analytical rigid body. The boundary and interface conditions 
were applied on the FE modelling to simulate the experimental creep 
indentation test such that the nodes on the axis were constrained in 
the horizontal direction, whilst the bottom nodes of the bone were 
constrained in both horizontal and vertical directions. The spherical 
indenter was only allowed to move in the vertical direction. The 
verification of the FE model was performed and described previously 
[20]. 
These FE models were used to determine the biphasic cartilage prop-
erties of elastic modulus and permeability as described previously by 
Hashim et al. (2017). The values of the two parameters were itera-
tively altered until the deformation-time curve generated from the FE 
model matched the creep indentation test. The curve-ﬁtting was 
achieved using a nonlinear least-squares method using Matlab 
(V7.12.0 R2011a, MathWorks Inc, MA, USA) following the method 
developed by Pawaskar et al. (2010). 
 
(a) (b) 
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Fig. 4: Axisymmetric FE model of the cartilage specimen. 
2.5. Correlation of MRI Image Grayscale and Biome-
chanical Properties 
The correlation between the cartilage grayscale obtained from the 
MRI images and the biomechanical properties of each cartilage 
specimen was examined using the linear Pearson correlation method. 
3. Result and Discussion 
3.1. MRI sequence 
Selection of the imaging sequence for the cartilage is crucial because 
it could give better contrast in cartilage compared to the surrounding 
tissues. Figure 5 shows the images produced from three different 
imaging sequences. It was observed that the gradient echo and spin 
echo sequences could differentiate the distinct region of the cartilage 
compared to the turbo 3D sequence. Moreover, the thickness of the 
cartilage measured from the image produced by the gradient echo 
and spin echo sequences were similar to the experiment result.  
 
Fig. 5: MRI images from different imaging sequences: (a) Gradient Echo; (b) 
Spin Echo; (c) Turbo 3D. 
The average grayscale value obtained from the spin echo and gradi-
ent echo sequence were 764.15 ± 165.86 and 1396.95 ± 245.79 re-
spectively. Based on the standard deviation, the gradient echo could 
provide higher sensitivity of grayscale value for the cartilage. This 
sequence was also applied in previous studies to examine the water 
distribution in cartilage and detect cartilage lesions using low-field 
MRI unit [12,14,16,17,21,22]. 
3.2. Biomechanical Properties 
The average value of elastic modulus and permeability of the carti-
lage were 1.16 ± 0.89 MPa and 0.66 ± 0.50 ×10-15 m4/Ns respectively, 
which are within the range determined from the previous studies 
using bovine femerol head [23,24]. The characterized biomechanical 
properties of the cartilage specimens for every quadrant are shown in 
Figure 6. It was observed that the properties vary between the quad-
rants where the elastic modulus was found between 1.05 ± 0.88 MPa 
to 1.33 ± 0.42 MPa, and the permeability was between 0.36 ± 0.10 
×10-15 m4/Ns to 0.93 ± 0.70 ×10-15 m4/Ns. The inhomogeneity of 
biomechanical properties across the articular cartilage in synovial 
joint were also found in previous studies [25,26]. This is due to the 
natural remodelling of the cartilage to withstand altered stresses dur-
ing normal physiologic loading [27]. 
3.3. MRI Image Grayscale  
In the present study, there were only two layers of pixel obtained in 
the cartilage region since the plane resolution of the image was 0.39 
mm and the average measured thickness was 1.13 ± 0.07 mm. These 
two layers could represent the superficial/middle zone and deep zone 
of the cartilage which contains different composition and structure in 
the cartilage tissue where the average grayscale was found to be 
1342.29 ± 219.96 and 1203.75 ± 237.07 respectively as shown in 
Figure 7. 
The grayscale of the superficial zone was 10% higher compared to 
the deep zone. This could be due to the water content where studies 
have shown that higher water content was found in superficial and 
middle zones compared to the deep zone in cartilage [28,29]. Similar 
trend was also observed using high-field MRI between the grayscale 
stratification and the zones in the cartilage where higher signal inten-
sity at the superficial zone was generated compared to the zone closer 
to the tidemark and subchondral bone for normal cartilage [30,31]. 
This could indicate that the low-field MRI have the potential to 
evaluate different physiological characteristics throughout the thick-
ness of the articular cartilage using the image grayscale. 
3.4. Correlation of Image Grayscale and Biomechanical 
Properties 
Linear correlation analysis was performed to examine the relation-
ship between the grayscale and biomechanical properties of articular 
cartilage, as shown in Figure 8. Elastic modulus increased linearly 
with increasing grayscale value in moderate relationship (r = 0.568). 
Meanwhile, the similar trend in permeability was observed and 
higher correlation (r = 0.632) was found between the permeability 
and the grayscale. 
In previous studies, correlation between MRI parameters and biome-
chanical properties of articular cartilage were carried out using either 
high-field or ultra-high MRI where the correlation results were varies 
from 0.5 to 0.8 [23,32]. Comparable results were observed in the 
present study which indicate the potential used of low-field MRI to 
provide important information to evaluate and monitor the cartilage. 
Further studies are required to utilize the image grayscale values 
from low-field MRI to examine the condition of articular cartilage. 
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Fig. 6: Biphasic biomechanical properties of cartilage at four different 
quadrants (a) elastic modulus (b) permeability. 
 
Fig. 7: Cartilage grayscale of the superficial and deep zones. 
 
(a) 
 
(b) 
Fig. 8: Linear correlation between the MRI image grayscale and biome-
chanical properties of cartilage (a) elastic modulus (b) permeability. 
4. Conclusion 
This study presented the application of low-field MRI to examine the 
articular cartilage. Although there have been extensive studies to 
quantify the articular cartilage using high-field MRI unit, limited work 
has been carried out to examine the potential used of low-field MRI. 
The low-field MRI was able to provide grayscale values throughout 
the thickness of the cartilage. Furthermore, the correlation results 
between image grayscale from low-field MRI and the biomechanical 
properties of articular cartilage were observed to be in similar range to 
the previous studies using high-field MRI. These could indicate the 
potential application of low-field MRI to evaluate the biomechanical 
properties of articular cartilage. However, further studies are required 
to assess the low-field MRI on the biomechanical integrity of articular 
cartilage. 
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